Abstract. Breast cancer (BC) is the foremost cause of cancerrelated mortality in women worldwide. An increasing number of studies has confirmed that microRNAs (miRNAs or miRs) play an important role in the development and progression of BC. microRNA-214 (miR-214), a member of the miRNA family, has been demonstrated to function as both a tumor suppressor and oncogene in various types of human cancer. However, the biological function of miR-214 in BC remains unclear. The present study was designed to investigate the potential role of miR-214 in the development and progression of BC. Our results revealed that miR-214 expression was significantly increased in the BC tissues compared with the adjacent benign tissues, and that the upregulation of miR-214 was significantly associated with the invasion ability of the BC cells. Furthermore, p53, which has been reported to be downregulated in BC, was predicted to be the target gene of miR-214 using bioinformatics software programs. Moreover, luciferase reporter vectors were constructed and it was confirmed that p53 is a target of miR-214. Following the transfection of miR-214 into BC cells, we found that the overexpression of miR-214 markedly enhanced cell invasion through the downregulation of p53 expression. By contrast, the overexpression of p53 abrogated the effects of miR-214. In conclusion, this study demonstrates that miR-214 functions as an oncogene in BC, at least partly by promoting cell invasion through the downregulation of p53. Therefore, miR-214 may be a potential therapeutic target for the treatment of BC.
Introduction
Breast cancer (BC) is the most common type of cancer among women worldwide and is driven by multiple genetic or epigenetic alterations and molecular events (1) . In spite of various existing screening programs and novel therapeutic strategies that have been applied in the treatment of BC, thus significantly reducing the mortality rates, the molecular mechanisms underlying the pathogenesis of BC are only partially understood (2) . In the past, when studying the mechanism of one specific gene, researchers focused on the coding region of the gene. Nowadays, however, the role of non-coding regions has become increasingly important in the investigation of the function of genes.
microRNAs (miRNAs or miRs) are endogenous, non-coding RNAs consisting of 21-23 nucleotides. miRNAs regulate gene expression by binding to miRNA recognition elements (MERs) located in the 3'-untranslated region (3'-UTR) of target messenger RNAs (mRNAs), leading to their translational repression or degradation (3) . It has been estimated that ~60% of all proteincoding genes in humans are regulated by miRNAs (4) . Recently, the abnormal expression of miRNAs in several types of cancer has been confirmed, including colon cancer, hepatocellular carcinoma, lung cancer and breast cancer (5) (6) (7) (8) . Emerging evidence has indicated that miRNAs function as oncogenes or tumor suppressor genes to control cell proliferation, invasion, migration, differentiation and apoptosis (9) (10) (11) . For example, miR-638 has been shown to inhibit cell proliferation and invasion and to regulate the cell cycle by targeting tetraspanin 1 (12) . miR-874 has been shown to inhibit cell proliferation and induce apoptosis by targeting CDK9 (13) . miR-215 functions as a prognostic predictor for breast cancer with its high expression in cancer tissues and its association with other clinicopathological factors and the survival of patients (14) . These data suggest an important role for miRNAs in the biology of BC.
It has been previously reported that microRNA-214 (miR-214) is dysregulated in several types of human malignancies and plays a variety of roles in tumor progression (15) (16) (17) . For example, miR-214 has been shown to be upregulated in ovarian cancer (18) , gastric cancer (19) , Sézary syndrome (20) and melanoma (15) , while it has been shown to be downregulated in cervical cancer (21) , pancreatic cancer (22) and hepatocellular carcinoma (23) . A recent study found that the concentrations of miR-214 were significantly higher in the serum of breast cancer patients in contrast to healthy women (24) . However, little is microRNA-214 enhances the invasion ability of breast cancer cells by targeting p53
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In the present study, we investigated the potential role of miR-214 in the development and progression of BC. Using reverse transcription-quantitative polymerase chain reaction (RT-qPCR), we observed that miR-214 was markedly upregulated in the BC tissues compared with the adjacent benign tissues. Functional assays revealed that the overexpression of miR-214 in the BC cells regulated the invasion ability. Furthermore, using the luciferase reporter system, we demonstrated that p53 is a direct target of miR-214. Taken together, our results suggest that miR-214 plays an important role in BC and provide novel insight into the diagnosis and prognosis of BC.
Materials and methods
Patients. A total of 35 female patients (aged 34-65 years; mean age, 49 years) diagnosed with BC who underwent surgery (underwent mastectomy) were consecutively included in this study. The patients with BC were recruited from the Second Department of Breast Surgery of the First Affiliated Hospital of Zhengzhou University, Zhengzhou, China. All 35 resected BC tissues and corresponding non-malignant breast tissue specimens were collected and immediately frozen in liquid nitrogen and stored in a freezer at -80˚C. This study was approved by the Ethics Committee of our institution. Written informed consent was provided by all the participants. miRNA target prediction. The predicted target gene of miR-214 was obtained using an open access database (miRBase, http:// www.mirbase.org/) and three online bioinformatics software programs (RegRNA, http://regrna2.mbc.nctu.edu.tw/; TargetScan, http://www.targetscan.org/; RNA22, http://cbcsrv. watson.ibm.com/rna22.html). The genes co-identified by three programs were considered as potential target genes for miR-214.
RT-qPCR. Total RNA was extracted from the frozen BC tissues and corresponding non-malignant breast tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. The purity and concentration of the total RNA were determined using an Ultraviolet Spectrophotometer (Eppendorf, Hamburg, German). cDNA was synthesized using the One Step PrimeScript miRNA cDNA synthesis kit (Takara Biotechnology, Dalian, China). Subsequently, mRNA expression was analyzed by quantitative PCR using primers synthesized by the Shanghai Sangon Biological Engineering Technology & Services Co., Ltd. (Shanghai, China). Briefly, 20 µl reactions containing 50 ng of total RNA, 10 µl of 2X SYBR-Green PCR Master Mix, 6.25 U of AMV reverse transcriptase, 10 U of RNase inhibitor and 0.1 mM of primers were subjected to 1 cycle of 95˚C for 10 min, and then 40 cycles of 95˚C for 15 sec, 56˚C for 30 sec and 72˚C for 45 sec. miR-214 expression was normalized to U6 RNA. Gene mRNA expression was normalized to β-actin. Data were analyzed using the ΔCt method and expressed as the fold change.
Cell culture and transfection. The human breast cancer cell line, MCF-7, was obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). The MCF-7 cells were cultured in RPMI-1640 medium (Gibco, Rockville, MD, USA) containing 10% fetal bovine serum (FBS). For transfection, the hsa-miR-214 mimic, hsa-miR-214 inhibitor, miR-214 mimic control or miR-214 inhibitor control (Ambion, Austin, TX, USA) were delivered at a final concentration of 100 nM using Lipofectamine 2000 reagent (Invitrogen).
Cell invasion assay. The invasion ability of the BC cells was analyzed using Transwell cell culture chambers (8 µm pore size; BD Biosciences, San Jose, CA, USA). Briefly, 48 h following transfection, the cells were resuspended with serumfree medium, and 200 µl of the cell suspension were added to the upper chamber. In addition, medium containing 10% serum was added to the bottom wells of the 24-well chamber. The cells were removed from the upper part of the filters by scrubbing with a cotton swab following culture for 24 h (37˚C, 5% CO 2 ). Subsequently, the membrane was fixed with 4% formaldehyde for 10 min at room temperature and stained with 0.5% crystal violet for 15 min. Finally, the number of invading cells was counted at x100 magnification.
Dual-luciferase reporter assay.
A 300 bp sequence from the 3'-UTR of p53 containing a putative miR-214 binding site was amplified by PCR using the cDNA of human genomic DNA as a template. The sequence for the mutation within the miR-214 binding site was amplified by the point mutation method using the KOD-Plus mutagenesis kit (Toyobo, Osaka, Japan) according to the manufacturer's instructions. After subcloning into the pGL3 Luciferase reporter vector (Promega, Madison, WI, USA) with XbaI and NotI, the recombinant plasmids were confirmed by DNA sequencing. In addition, the recombinant plasmids and 100 nM hsa-miR-214 mimics or the miR-214 mimic control (Ambion, Austin, TX, USA) were transfected into the BC cells using Lipofectamine 2000 for 48 h. Firefly luciferase and Renilla luciferase activity was detected using a fluorescence detector (Promega), and the relative luciferase activity was normalized to Renilla luciferase activity for each transfected well.
Construction and transfection of p53 overexpression vector.
Recombinant p53 vectors were constructed using the pFLAG plasmid (Invitrogen). Briefly, the expression sequences encoding p53 were amplified from cDNA, which was synthesized from total RNA extracted from the frozen BC tissues, subcloned into the pFLAG plasmid and then co-transfected with the miR-214 mimic into MCF-7 cells. The negative control group was transfected with the empty pFLAG plasmid and miR-214 mimic control.
Western blot analysis. Equal amounts of protein from the BC cells were denatured at 100˚C for 5 min, isolated with phosphatebuffered saline (PBS) and separated by 10 or 15% sodium dodecyl sulfate/polyacrylamide gel electrophoresis (SDS/PAGE). After being transferred onto nitrocellulose membranes and blocked in Tris-buffered saline and Tween buffer containing 5% non-fat dry milk for 30 min, the target proteins were incubated overnight at 4˚C with p53 (sc-1311-R), tissue inhibitor of matrix metalloproteinase (TIMP)1 (sc-5538), matrix metalloproteinase (MMP)2 (sc-10736), MMP9 (sc-10737) or β-actin rabbit anti-human antibodies (sc-10731; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). The membranes were incubated with the corresponding goat anti-rabbit secondary antibodies (sc-45101) for 1 h at room temperature. A fluorescent western blotting detec-tion system was used. The protein bands were quantified using Image-Pro Plus 6.0 and normalized to β-actin.
Statistical analysis. All data were processed using SPSS 13.0 software. Measurement data are presented as the means ± standard deviation (SD). Differences among groups were compared using standard deviation followed by an independent-samples t-test. A value of P<0.05 was considered to indicate a statistically significant difference.
Results

Increased expression of miR-214 in human BC tissues.
The expression levels of mature miR-214 in the BC tissues and corresponding adjacent benign breast tissues were measured by RT-qPCR. The results revelaed that the expression of miR-214 was significantly increased in the BC tissues compared with the adjacent benign breast tissues (Fig. 1) .
miR-214 regulates the invasion ability of BC cells. The miR-214 mimic and miR-214 inhibitor were transfected into the MCF-7 cells in order to explore the effects of miR-214 on the invasion ability of BC cells. At 48 h of after transfection, the expression of miR-214 was measured by RT-qPCR. The results revealed that miR-214 expression was significantly increased in the MCF-7 cells transfected with the miR-214 mimic compared with those transfected with the mimic control ( Fig. 2A) , while it was significantly decreased in the miR-214 inhibitor-transfected group compared with the group transfected with the inhibitor control (Fig. 2B) . The cell invasion ability was analyzed using Transwell cell culture chambers. The results revealed that the invasion ability of the MCF-7 cells was significantly increased in the cells transfected with the miR-214 mimic compared with those transfected with the mimic control (Fig. 2C) , while the invasion ability was significantly decreased in the miR-214 inhibitor-transfected group compared with the group transfected with the inhibitor control (Fig. 2D) . 
Prediction and identification of the target gene of miR-214.
The bioinformatics software programs, miRBase, RegRNA, TargetScan and RNA22, were used to predict the target gene of miR-214. According to the sequence analysis with RNA22, the potential binding target sequence of miR-214 was found in the 3'-UTR of the p53 gene (Fig. 3A) . The luciferase reporter vectors of p53 wild-type (WT) and p53 mutant type (MUT), which contained the WT and MUT of the potential binding sequence in the 3'-UTR of p53 respectively, were constructed and co-transfected with the miR-214 mimics or the miR-214 mimic control into the MCF-7 cells to determine whether p53 is a target of miR-214. At 48 h after transfection, the results revealed that the luciferase activity in the cells co-transfected with p53 WT and the miR-214 mimic was significantly reduced compared with the other 3 groups (Fig. 3B) . However, there was no significant difference in luciferase activity among the groups of cells co-transfected with p53 WT and the miR-214 mimic control, p53 MUT and the miR-214 mimic and with p53 MUT and the miR-214 mimic control (Fig. 3B) .
Overexpression of miR-214 inhibits p53 expression and upregulates the protein expression levels of MMP2 and MMP9, but downregulates the expression levels of TIMP1 in BC cells.
The miR-214 mimic and mimic control were transfected into the MCF-7 cells to determine the effects of miR-214 overexpression on BC cells. At 48 h after transfection, the mRNA and protein levels of p53 were measured by RT-qPCR and western blot analysis. The results revealed that the mRNA levels of p53 were significantly decreased in the MCF-7 cells transfected with the miR-214 mimic compared with those transfected with the mimic control (Fig. 4A) , which was consistent with the results of western blot analysis (Fig. 4B) . Subsequently, the expression of proteins related to cell invasion (TIMP1, MMP2 and MMP9) was measured by western blot analysis. The results revealed that the expression levels of MMP2 and MMP9 were significantly increased, while the expression of TIMP1 was significantly decreased in the miR-214 mimictransfected group compared with the group transfected with the mimic control ( Fig. 4C and D) .
Inhibition of miR-214 increases p53 expression and downregulates the protein expression levels of MMP2 and MMP9, but upregulates TIMP1 expression in BC cells. The miR-214
inhibitor and inhibitor control were transfected into the MCF-7 cells to determine whether the inhibition of miR-214 reverses the enhancement of cell invasion. The results of RT-qPCR revealed that the mRNA expression level of p53 was significantly increased in the cells transfected with the miR-214 inhibitor compared with those transfected with the inhibitor control (Fig. 5A) . The results of western blot analysis were similar; the protein expression level of p53 was significantly increased in the cells transfected with the miR-214 inhibitor (Fig. 5B) . Additionally, the expression levels of MMP2 and MMP9 were significantly decreased, while the expression level of TIMP1 was significantly increased in the cells transfected with the miR-214 inhibitor compared with those transfected with the inhibitor control ( Fig. 5C and D) .
Overexpression of p53 abrogates miR-214-induced cell invasion in BC cells.
In order to further verify whether miR-241 enhances the invasion ability of the MCF-7 cells through the regulation of p53 expression, the cells were co-transfected with the miR-214 mimic and p53 overexpression vector harboring no specific miR-214 binding-specific sequences in the 3'-UTR. The results revealed that the overexpression of p53 (Fig. 6A) significantly blocked the miR-214-induced invasion ability of the MCF-7 cells (Fig. 6B) . Furthermore, the overexpression of p53 abrogated the increase in the expression of MMP2 and MMP9 (proteins related to cell invasion-related) and the decrease in TIMP1 expression (Fig. 6C and D) . In conclusion, these findings suggest that miR-214 plays an important role in the regulation of the invasion ability of BC cells by targeting p53.
Discussion
BC is the foremost cause of cancer-related mortality in women worldwide, ranking as the second most common type of cancer, with 1.38 million new cases diagnosed and 458,100 deaths recorded in 2008 (25) . The natural history of BC commonly involves the progression of in situ hyperproliferative lesions, invasive carcinomas and, eventually, metastatic disease (26) . BC cell invasion is an important process in tumor metastasis, which is associated with various molecular alterations (27, 28) . However, the detailed molecular mechanisms responsible for BC cell invasion remain unclear. Recently, miRNAs have emerged as an important mechanism responsible for BC cell invasion (29, 30) . In this study, we demonstrated that the expression levels of miR-214 were upregulated in BC tissues compared with adjacent benign tissues. Moreover, we demonstrated that the dysregulation of miR-214 is involved in the mechanisms of BC cell invasion by targeting p53. miRNAs are known to be endogenous single-stranded noncoding RNAs consisting of approximately 22 nucleotides, which can suppress the post-transcriptional expression of target genes and have been demonstrated to promote or suppress different cellular processes, e.g., cell apoptosis, differentiation, development, metastasis and invasion (31) (32) (33) (34) ). An increasing number of studies have reinforced the notion that miRNAs are frequently deregulated and aberrantly expressed in certain types of cancer. Among these, miR-214 has been shown to play a role in the development of several types of cancer (15, 16) . In a previous study, miR-214 was observed to be upregulated in BC (24) . In the present study, the expression levels of miR-214 were significantly elevated in BC tissues in contrast to adjacent benign tissues, which was consistent with the results of this former study (24) . Furthermore, in our study, we detected a strong correlation between the upregulation of miR-214 and the invasion ability of BC cells. These results demonstrate that miR-214 functions as an oncogene to regulate the invasion ability of BC cells.
A recent study demonstrated that p53 was the target gene of miR-214 (35) . In the present study, a conservative miR-214 binding site in the 3'-UTR of p53 was detected using bioinformatics software programs. Moreover, the results of luciferase reporter assay revealed that the overexpression of miR-214 reduced the luciferase activity when the cells were transfected with p53 WT, but not when transfected with p53 MUT. These results demonstrate that p53 is a direct target of miR-214. p53 is a well known tumor suppressor gene in various types of cancer. Its critical function in tumorigenesis is reflected by the fact that the gene is directly mutated or silenced in almost half of all human malignant tumors (36, 37) . The p53 tumor suppressor gene is primarily known for its important role in the maintenance of genome integrity by controlling the cell cycle, apoptosis and DNA repair (38) . Recently, Lam et al (39) reported that p53 impedes tumor cell invasion and migration in breast cancer. Thus, in order to investigate the role of miR-214 in cell invasion by targeting p53, we determined the effects of miR-214 overexpression on the expression of p53 and the invasion in MCF-7 cells. The results revealed that p53 was significantly decreased due to the overexpression of miR-214. It has also been reported that MMPs, such as MMP2 and MMP9, participate in the degradation of the extracellular matrix (ECM), leading to tumor cell invasion (40) . Additionally, MMPs are negatively regulated by TIMPs (41) . In the present study, we detected the expression levels of proteins related to cell invasion (TIMP1, MMP2 and MMP9) in miR-214 mimic-transfected MCF-7 cells. The results revealed that the overexpression of miR-214 significantly increased the expression of MMP2 and MMP9, while it decreased the expression of TIMP1. Taken together, these results suggest that the overexpression of miR-214 induces the invasion ability of BC cells by decreasing p53 expression, which may lead to the progression of BC.
A recent study discovered several miRNAs that are potential therapeutic targets for BC (42) . In this study, in order to investigate the therapeutic potential of miR-214 in BC, we detected the effects of miR-214 inhibition on the expression of p53 and the invasion ability of MCF-7 cells. The results revealed that p53 expression was significantly increased due to the inhibition of miR-214. Moreover, the expression of MMP2 and MMP9 was significantly decreased, while that of TIMP9 was significantly increased (proteins related to cell invasion) following transfection of the cells with miR-214 inhibitor. These results suggest that miR-214 regulates BC cell invasion by targeting p53. Furthermore, we co-transfected the cells with miR-214 mimic and p53 overexpression vector, which harbored no specific miR-214 binding-specific sequences in the 3'-UTR, and detected the effects of the overexpression of p53 on cell invasion. The results revealed that the overexpression of p53 significantly inhibited the miR-214-induced enhancement of the invasion of MCF-7 cells and verified that miR-214 enhances the invasion ability of BC cells by targeting p53.
In conclusion, our results demonstrate that the upregulation of miR-214 affects the expression of p53, leading to the enhancement of BC cell invasion ability, which ultimately facilitates the development of BC. Consequently, this study provides important insight into the pathogenesis of BC cell invasion and implicates miR-214 as a potential therapeutic target in the treatment of BC.
